The results presented in the paper are part of a larger research and development effort, the basic aim of which is to develop high T, superconducting wires and thin-gauge panels with large current carrying capacity. This research and development uses some of the knowledge and experience gained during the past several years in developing and optimizing fiber-reinforced metal matrix composites (MMCs). That is, deposition and consolidation techniques, similar to those employed for MMCs, allow the synthesis of high Tc superconducting components with engineered thermal and mechanical properties. In this initial study Bi-Sr-Ca-Cu-0 fims were deposited by magnetron sputtering on MgO coupons, on pyrolytic graphite and on silicon wafers. Also, Bi-Sr-Ca-Cu-0 layers were deposited on platinum wires and on MgO coupons by dipping the wires and the coupons into a molten pool of the superconducting oxide. It was found that the morphology and the superconducting properties of the sputtered films on the MgO substrates were strongly dependent on the sputtering conditions and the post-annealing treatments, whereas the sputtered fims on graphite and silicon did not superconduct. Sputtering of films on MgO in argon resulted in the formation of crystallites in the form of terraced islands with a preferred orientation. Sputtering in a mixture of argon and oxygen resulted in films which were more uniform. Annealing the films in the temperature range of 750 to 865°C resulted in highly textured crystallites with part of the film becoming superconducting at 115K. The dipped wires and MgO coupons were annealed for 12 hours at 85OOC followed by air quench to room temperature. The onset of superconductivity occurred at 115K for the wire and at 110K for the MgO coupons with zero resistance for both types of specimens at about 80K. Microstructural examination of the superconducting layers after annealing showed a f i e grained microstructure.
INTRODUCTION
After its discovery by Bednorz and Muller in 1986 (l) , the early efforts in the field of high temperature superconductivity were concentrated in increasing the superconducting transition temperature. In fact, within the space of about eight months the transition temperature was increased from 35K for the LaBaCuO compound of Bednorz and Muller (I) , to 90K for the YBa2Cu304 compounds first reported by Chu and his coworkers (2). Further, during the f i t three months of this year (1988) , the superconducting transition temperature was raised another thirty five degrees to 125K with the discoveries of Bi2SrCaCu209-x by Meada (3) and Wu (4) and TI2Ca2Ba2Cu3010 by Sheng and Herman (5). More recently, however, because of the potential of these high temperature superconducting compounds in many electrical and electronic applications, a significant amount of research and development effort has been directed toward developing methods to produce high Tc superconducting films and wires that are capable of reliably transporting high currents and producing high fields.
Because of their inherent brittleness, the high Tc superconductors must be supported in order to be produced in useful forms. For films, the support is simply provided by the substrates; for wires, the issue of support is not a trivial problem. In the past, an extensive amount of knowledge has been gained in producing high-strength, low-density metal matrix composites for elevated temperature applications. The basic principle in metal matrix composites is to embed brittle fibers, graphite fibers for example, into a ductile matrix such as aluminum. A similar approach can be *Presently with AT&T Bell Laboratories, Middletown, NJ.
Manuscript received August 22,1988 used to solve the brittleness problem with the high Tc superconductors. The contact between two dissimilar materials in composites often gives rise to interdiffusion. Interdiffusion is either eliminated or greatly reduced by introducing diffusion barrier layers. It appears that, to successfully produce high Tc superconducting wires, diffusion barrier layers must also be employed.
The results presented in this study are part of a larger effort, the basic aim of which is to develop high Tc superconducting composite wires, films and thin-gauge panels with large current carrying capacity and engineered thermal and mechanical properties. The results presented here relate to the following aspects of this ongoing research effort: the sputtering parameters used to deposit Bi-Sr-Ca-Cu-0 fims on MgO and other substrates; a dipping technique to produce Bi-Sr-Ca-Cu-0 superconducting layers and wires; the post-annealing heat treatments; the characterization of the microstmcture and crystallographic features of the deposited f i s ; and the superconducting properties of the films, the layers, and the wires.
EXF' ERIMENTAL, PROCEDURE
Bi-Sr-Ca-Cu-0 films on MgO, pyrolytic graphite and silicon wafers were deposited by magnetron sputtering from single targets whose initial composition was Bi2Sr2Ca2Ca30y. The sputtering targets were prepared by a hot isostatically pressing (hipping) technique that is briefly described below. The f i s were sputtered in a 20 micron atmosphere of either argon or a mixture of 50% argon and 50% oxygen. The base pressure of the system before sputtering was 6x10-7 Torr. During deposition the nominal temperature of the substrates was room temperature and the sputtering power ranged from 50 to 100 watts. Typical film thickness was approximately two microns.
The preparation of the sputtering targets consisted of the following steps. Bi2O3, SrCO3, CaCO3 and CuO powders in the ratio of 2:2:2:3 were first calcined in an air furnace for eight hours at 750°C and then fmely ground and mixed. The mixture was made into a pellet by hot pressing. The pellet was then isostatically pressed for one hour at 850°C at a pressure of 207 MPa (30 ksi) and cooled to room temperature. Additional details of target preparation by hipping are given elsewhere (6). ' The calcined and blended mixture described above constituted the starting material used to prepare superconducting layers and wires by a dipping process. The calcined mixture was f i t placed in a platinum crucible and the crucible was placed in an air furnace. The temperature of the fumace was raised to 1200°C. This temperature caused the mixture to melt and have a low viscosity. Platinum wires, previously coated with MgO paste, and MgO coupons were briefly dipped in the molten bath. The crucible was then removed from the furnace and the wires and the coupons were quickly taken out of the bath and allowed to cool to room temperature. Typical thickness of the superconducting layer on the platinum wires was 1-2 millimeters, whereas on the MgO coupons it was 50-100 microns. Postannealing treatments for the different specimens were conducted in air.
The compositions of the sputter-deposited films and of the dipped specimens were determined by Rutherford backscattering and by energy dispersive X-ray analysis.
X-ray diffraction measurements were performed using Cu Ka radiation to characterize the crystallographic features of the films . The microstructures of the deposited f i s and of the dipped specimens were examined by optical and by scanning electron microscopies. Resistance versus temperature curves of the samples were measured using a standard four terminal technique with the terminal contacts made with indium solder joints. U.S. Government work not protected by U S . copyright. did sharpen the transition sigtllficantly. A third anneal of the film at 865°C produced two effects. First, the transition temperature was broader. Secondly, the resistivity curve at 115K suggests that part of the film was superconducting at this temperature (see the inset in Fig.  3 ). These changes in the resistivity curve after the third heat treatment could be the result of formation of new phases in the film. After each heat treatment, X-ray diffraction measurements were performed using CuKa radiation. Figure 4 shows a diffraction spectrum taken of the above film after the third heat treatment. The cross-hatched peaks in the figure are from the MgO substrate; most all other peaks can be indexed to (OOL) reflections (2<L<30) of the structure reported by Tarascon et. al. (7) for nominal composition Bi2(Sr,Ca)3CU208+, or equivalently to that Zandborgen et. d. (8) for the composition Bi2Sr2CaCu2OX. The c-axis lattice parameters associated with these is 30.705 + 0.008A. The X-ray diffraction patterns taken after the two earlier heat treatments were qualitatively similar to the pattern shown in Fig. 4 . None of the patterns taken after the three heat treatments shows the presence of additional phases. The X-ray diffraction measurements show only a single phase which was identified as the n=2 phase.
The resistance versus temperature of the coated platinum wire, presented in Fig. 5 , shows excellent superconducting properties of the wire with Tc onset at 115K and zero resistance at 85K. The resistance versus temperature of the dipped MgO coupons, presented in Fig. 6 , shows similar results with the Tc onset occurring at 110K and zero resistance at 80K. The SEM micrograph at lower magnification presented in Fig. 7 shows the platinum wire after it had been coated with the Bi-Sr-Ca-Cu-0 material. This nucrograph shows that the deposited layer is fairly uniform in thickness (Fig. 7a) . The higher magmfkation SEM micrograph (Fig.  7b) of the wire after annealing shows that the superconducting layer is dense and has a very f i e microstructure (2-5 pm diameter grain size). Although not shown for the sake of brevity, the microstructural features of the superconducting layer on the MgO coupons after the annealing treatment were similar to those shown in Fig. 7b . The average thickness of the deposited layer on the platinum wires was about 2 mm whereas the thickness of the layer on the MgO coupons was about 100 km. X-ray diffraction analysis of the dipped layers on the wires and on the MgO coupons after the post-annealing treatment showed crystallographic features similar to those observed in the sputtered films on the MgO substrates shown in Fig. 4 . Preliminary transport property measurements on the dipped platinum wire shown in Fig. 7 , resulted in a J, value of about 80 amp/cm2. Because of experimental difficulties, Jc values of the sputtered films and layers on the MgO substrates have yet to be determined.
EXPERlMENTAL RESULTS
The SEM micrographs presented in Fig. 1 show the morphology of a Bi-Sr-Ca-Cu film deposited on a MgO substrate in the Ar/O atmosphere and annealed for 15 minutes at 850°C. During deposition the sputtering power was changed from 50 to 100 watts. After the heat treatment, the f h exhibited a layered structure. In some places the bottom layer is visible because the top layer has peeled off. Energy dispersive X-ray analysis showed that the top layer was slightly richer in Cu and slightly poorer in Ca when compared to the bottom layer. It is possible that the change in sputtering power during deposition produced a change in composition at between the two layers. This change in composition probably resulted in the formation of a different phase with poor interfacial adherence. Besides the layering, Fig. I(b) shows the needle-like crystallites formed in the deposited film. Sputtering deposition in an argon atmosphere produced f i s that were less continuous than the film shown in Fig. 1. Figure 2 shows the "islanding" that occurred in these films after the annealing treatment. The SEM micrographs in Fig. 2 show the terrace-like structure of the crystallite islands that is consistent with the c-axis alignment discussed below. Figure 3 shows a plot of the normalized resistivity R(T)/R(300K) versus T for the film presented in Fig. 1 . After the first heat treatment, T=80O0C, the onset of the superconducting transition occurred at 85K, but the transition is broad. Annealing the film at 850°C did not sigmfkantly change the onset temperature but it Figure 1 . SEM micrographs of Bi-Sr-Ca-Cu-0 sputtered film on MgO substrate showing the layered microstructure that resulted when the sputtering power was changed during the depostion. The higher magnification micrograph (Fig. b) Fig. 1 above, after each of the following three heat treatments: 10 minutes at 80O"C, 15 minutes at 850"C, and 1. 5 minutes at 865°C. The inset shows the onset of superconductivity at 115K after the 865°C heat treatment. In the first part of the present paper it has been shown how the heat treatment and sputtering conditions (sputtering rate and sputtering atmosphere) affect the microstructure and the superconducting properties of Bi-Sr-Ca-Cu-0 films deposited on MgO substrates. The film used for the heat treatment study is tetragonal and it has an average composition suggested by Kitazawa and coworkers (9) for the n=3 phase (Tc=llOK). Despite the composition being close to n=3 phase, the film was primarily of the n=2 phase, i.e., its c-axis lattice parameter and the superconducting critical temperature corresponds to the n=2 phase. The observed sensitivity of the superconducting transition temperature to the heat treatment suggests the presence of other phases that were not detected by X-ray diffraction measurements. In particular, the effect of the third heat treafment of the film at 865°C on the superconducting transition temperature is consistent with a partial decomposition of the n=2 phase into n=l and n=3 phases. Kitazawa et.al. (9) have suggested that the n=2 phase is unstable and it decomposes into n=l and n=3 phases. In the present sputtered deposited films it is possible that either the n=l and n=3 phases are only present in small amounts or they are very similar to the n=2 majority phase. The films are highly textured with c-axes of the crystallites perpendicular to the phase of the substrate. It also appears that the crystallites have their a-axes in two preferred orientations. One orientation is parallel to the MgO-( 100) axis and the other rotated by 45' with respect to the substrate axis.
In the second part of this paper a simple and inexpensive process has been described that was developed to deposit Bi-Sr-CaCu-0 superconducting layers on wires and on flat coupons by dipping. The Tc onset of the layers on the wires occurred at 11 5K, whereas the Tc onset of the layers on the MgO coupons occurred at llO'K with zero resistance at 85K for the wires and 80K for the MgO coupons. The deposited layers, both on the wires and on the MgO coupons, exhibited a fine grained microstructure after the annealing treatment; the layers were dense, adherent and of fairly uniform in thickness. One of the advantages of the dipping process is that it can be used to deposit Br-Sr-Ca-Cu-0 material on complex shaped components.
